In this work, conducting polymer impregnated gold nanoparticles are synthesized through a sequence of chemical and electrochemical routes. The nanocomposite film is characterized using UV-vis, FTIR spectroscopy, and SEM techniques to study the formation of oxidized PEDOT and Au 0 . The advantages of these films are demonstrated for sensing biologically important compounds such as dopamine and uric acid in presence of excess ascorbic acid, one of the major interferants in the detection of DA and UA (mimicking the physiological conditions), with superior selectivity and sensitivity when compared to the polymer film alone. Simultaneous determination is realized at 115 mV and 246 mV for DA and UA, respectively. The PEDOT matrix is recognized to be responsible for the peak separation (selectivity) while also favouring catalytic oxidation of the above compounds and the nanometer-sized gold particles allow nanomolar sensing of DA and UA (sensitivity). Thus, it is possible to detect nanomolar levels of DA and UA in presence of excess of AA. The combined effect of Au nanoparticles and the PEDOT matrix is rationalized that the Au nano surrounded by a "hydrophobic sheath (PEDOT)" tending to reside within these hydrophobic regions of PEDOT, thus favouring the selectivity and sensitivity of the DA/UA detection. This new generation of nanocomposites is expected to enhance the value of electroanalytical techniques, as it is possible to tune their properties suiting the analytical needs.
INTRODUCTION
Conducting polymers having conjugation system with in their backbone have received a great deal of attention because of their unique properties that suits for electrochemical applications. 1 Their tremendous commercial potential has touched off an outbreak of research, particularly on sensor devices, organic light-emitting diodes, transistors, solar cells, and memory devices. [2] [3] [4] [5] [6] [7] [8] Conducting polymer incorporated with metallic or semiconducting nanoparticles provides an exciting system and the polymer-nanoparticles assembly holds great potential application in electronics, sensors, and catalysis. [9] [10] [11] [12] [13] [14] These composites have synergistic chemical and physical properties based on the constituent polymer and introduced metal. By tuning the polymer backbone with nanoscale materials, realization of nano-electronic sensor devices with superior performance is possible.
Sensors fabrication based on nanoparticle-incorporated polymeric matrices are of recent technological interest. [15] [16] Metal nanoparticles (Au, Ag, Pt) can be grown inside the polymer matrix by simultaneous electrodeposition of * Author to whom correspondence should be addressed.
polymer along with metal nanoparticles. Arrays of Au nanoparticles have been utilized for electrochemical sensors as they exhibit excellent catalytic activity towards various reactions. [17] [18] In these, the Au nanoparticles function efficiently as "electron antennae" and efficiently funneling electrons between the electrode/polymer interface and the electrolyte. 19 Poly(3,4-ethylenedioxythiophene) (PEDOT) is an electrically conductive polymer with excellent long-term stability and relatively high transparency. In our earlier communications, we have demonstrated PEDOT polymer as a material of sensing matrix to detect biologically important molecules such as dopamine, ascorbic acid, and uric acid. [20] [21] [22] In this work, we take a leap forward, using Au nanoparticles incorporated PEDOT film as the sensing matrix by demonstrating the sensitivity at nanomolar levels. This is a one-component system where the polymer matrix offers the selectivity from the complex environment and the nanoparticles offer the required sensitivity, which is lacking in the polymer matrix alone. The sensitivity of the nanocomposite film was demonstrated in detecting the biomolecules such as dopamine and uric acid at nanomolar levels.
EXPERIMENTAL DETAILS

Materials
All chemicals were obtained from Sigma-Aldrich, E-Merck, or Acros and used without further purification. The aqueous solutions were prepared using Milli-Q water (18.3 ) (Millipore).
Methods
For voltammetric studies, a glassy carbon ( 3 mm, BAS, Inc.) working electrode, a platinum wire coil auxiliary electrode and an Ag AgCl (3 M NaCl) reference electrode were used and the potential values mentioned in this text are referred to this reference electrode unless otherwise mentioned. A phosphate (0.1 M) buffer solution (PBS) of pH: 7.4 were employed as the electrolytic medium in electroanalysis experiment.
Electrochemical experiments were carried out using a Potentiostat/Galvanostat Autolab PGSTAT-30 (EcoChemie B.V., The Netherlands) at ambient temperature (25 ± 1 C). To record the differential pulse voltammograms (DPV), the following input parameters were used: scan rate: 30 mV s −1 , sample-width: 17 ms, pulseamplitude: 50 mV, pulse-width (modulation time): 50 ms, pulse-period (interval): 200 ms, and quiet-time: 2 s. Peak currents were determined by subtraction of a manually added baseline.
Instrumentation
TEM measurements were made using a Philips CM 200 machine and samples are handles using 400-mesh ultra thin carbon type-A copper grid. UV-vis spectrophotometry was performed using a UV-2401 (PL Shimadzu Spectrophotometer) and infrared spectroscopic measurements made using a Nexus FT-IR spectrometer 670 Model with DTGS detector. SEM measurements were made using Hitachi SEM (Field emission type). Model S 4700 with an acceleration voltage of 10 kV. The approximate film composition (±2 atomic%) was analysed with an energydispersive fluorescent X-ray analysis (XRF-EDX) (Horiba X-ray analytical microscope XGT-2700).
RESULTS AND DISCUSSION
Synthesis of Au Nanoparticles
Au nanoparticles are prepared based on the biphasic procedure of Brust et al. 23 The Au nanoparticles are protected by monomer of EDOT by self-assembly of thiophene rings on gold surfaces. 24 An aqueous solution of hydrogen tetrachloroaurate (0.5 mM) was added to a solution of tetra n-octylammonium bromide (TOABr) in toluene (25 ml, 40 mM). The organic layer was separated out after the phase transfer of AuCl added to this organic phase and the mixture was stirred for about 6 hours. A freshly prepared aqueous solution of sodium borohydride (20 ml, 10 mM) was added. A wine red colouration of the organic phase indicated the formation of Au nanoparticles surrounded/protected by EDOT. Toluene was evaporated using a rotary evaporator and the resulting residue was washed with acetone three times to remove the stabilizer (TOABr). Then, Au nanoparticles capped with EDOT was redissolved in acetonitrile. These particles are characterized by transmission electron microscopy which revealed (Fig. 1) that the particles are near-monodisperse around an average size of ∼10 (±0.1) nm, as calculated in a unit surface area (1.1 cm 2 ) containing approximately 30 particles.
Preparation of Au-PEDOT Composite on Glassy Carbon Electrode Surface
Au nano -PEDOT was electrochemically deposited as a continuous film on GCE from a solution of EDOT-protected AuNPs in acetonitrile containing tetrabutylammonium perchlorate as supporting electrolyte by potential scanning between −0.5 to 1.9 V versus Ag wire pseudo-reference electrode. Figure 2 shows that the current increases with successive potential scanning, indicating progress of electropolymerization of EDOT to PEDOT incorporating AuNPs. It is clear from the first voltammetric curve that a rapid growth of the anodic current density starts at ∼1.40 V, which corresponds to the beginning of the EDOT monomer oxidation. The increase in anodic and cathodic peak current densities imply that the amount of polymer on the electrode surface increases. These cyclic voltammograms are quite similar to those reported for the electropolymerization of PEDOT in acetonitrile medium with other electrolytes. 25 The Au nano -PEDOT composite film was allowed to grow on GCE surface for five successive
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PEDOT-Au Nanocomposite Films for Electrochemical Sensing of Dopamine and Uric Acid scans and the cycling was intentionally limited in order to obtain a thin film. The spectrum obtained for the composite film is very similar to that of the EDOT protected Au nanoparticles, though the intensity is relatively small. Both Au in the solution and in the film give an absorption maximum at ∼530 and 540 nm that corresponds to a particle size of ∼10-20 nm. 26 XRF analysis of the Au nano -PEDOT composite film also confirms the presence of Au nanoparticles (24%) along with sulphur (76%). A small red shift in the absorption values observed with the film is attributed to an increase in the cluster dimension due to the agglomeration of the particles during electropolymerization arising from theinteractions between the thiophene moieties. Figure 4 shows the vibrational spectrum of the Au nano -PEDOT composite film coated on a ITO glass substrate. The vibrations at around 1336 and 1519 cm −1 are due to -C-C-or -C C-stretching of quinoidal structure and due to ring stretching of thiophene ring, respectively. Vibrations at 1186, 1139, and 1080 cm −1 originate from -C-O-C-bond stretching in the ethylenedioxy group. -C-S-bond in the thiophene ring are also seen at 977, 833, and 682 cm −1 . The band at around 1330 cm −1 due to the quinoidal structure, indicates that PEDOT in its doped state. [27] [28] Further the band at 1202 is due to the PEDOT oxidized structure. 29 The FE-SEM images of the electropolymerised PEDOT film and Au nano -PEDOT nano composite film coated on ITO glass substrates are shown in Figure 5 . PEDOT alone shows fibrillar network structure with a fiber dimensions of ∼20 nm. The polymer network with a highly porous structure can be seen, which might easily entrap Au nanoaggregates. The image of the PEDOT after incorporation of AuNPs shows that the structure and morphology of the polymer film change significantly. As can be seen from Figure 5 (b), the fibrils are coated with AuNP aggregates with high porosity indicating its possible application in producing high surface area materials. On independent examination using the voltammetric response of Au (figure not shown), the AuNPs were found to be very stably attached to the polymer nanofibrillar matrix.
Characterization of Au nano -PEDOT Composite
Sensing Behavior of Au-PEDOT Composite
PEDOT is known to contain a distribution of hydrophobic (reduced) and hydrophilic (oxidized) regions. 30 We have earlier established this feature using current-sensing AFM. 20 On polymerization of EDOT, the Au nano tend to reside within these "hydrophobic regions" of PEDOT (Scheme 1). Hydrophobic analytes such as dopamine interacts with these regions and the more hydrophilic ones prefer the oxidized regions of PEDOT. This behavior is favourable for selectivity and sensitivity in electroanalysis of molecules.
To demonstrate the utility of nanoparticles incorporation in the polymer film, electroanalysis of DA and UA in presence of excess of AA was performed using Au nano -PEDOT nanocomposite film. Figure 6 exhibits the DPV's obtained for varying DA and UA concentrations in the presence of a fixed concentration of AA on Au nano -PEDOT modified electrode. The voltammetric peak current of AA oxidation remains unchanged, whereas the oxidation current of DA and UA increases linearly as the bulk concentration of DA and UA is increased. In our earlier reports [21] [22] the detection limits of DA and AA on PEDOT modified GCE were found to be in the range of micro-molar concentrations. The Au nano -PEDOT electrode shows better performance and the detection limit of DA/UA in the presence of 0.5 mM of AA was found to be 2 (±0.05) nM. The calibration for DA and is found to be linear with a correlation coefficient R 2 of 0.99 and 0.98 and with a slope value of 0.20 and 0.12 A · nM −1 for dopamine and uric acid, respectively.
CONCLUSIONS
Au nano -PEDOT nanocomposites were prepared successfully using chemical and electrochemical routes. The UV-vis and FTIR results confirmed incorporation of Au nanoparticles of 10-20 nm size with in the polymer matrix.
FE-SEM morphology reveals that the AuNPs were found to attach stably to the polymer nanofibrillar matrix. The combined effect of Au nanoparticles and the PEDOT matrix is rationalized that the Au nano surrounded by a "hydrophobic sheath (PEDOT)" tending to reside within these hydrophobic regions of PEDOT. The advantages of these films are demonstrated for sensing biologically important compounds such as dopamine and uric acid in presence of excess ascorbic acid, one of the major interferants in the detection of DA and UA (mimicking the physiological conditions), with superior selectivity and sensitivity when compared to the polymer film alone.
